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One- and two-color persistent spectral hole-burning propertics of the clectron donor-acceptor
system meso-tetra-p-tolyl-Zn-tetrabenzoporphyrin/chloroform in poly(methylmethacrylate) arc
examined versus temperature from 1.5 to 90 K. The efficiency for photon-gated (two-color)
hole-burning is independent of temperature, while the one-color hole-burning cfficiency
decreases as the temperature is raised from 1.5 K. Raising the tcmpcraturc improves the
gating ratio (ratio of two- tc one-color hole-burning cfficiencies) from 102 at 1.5 K tA(Jw '1()‘
at 90 K. The low-power, short-burn-time hole width is also measured from 1.5 K to 90 K
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and is found to have a T?1770% power law behavior.




I. Introduction

i B ; --

Persistent spectral hole-burning has been utilized as both a tool for studying relaxation
processcs in amorphous solids-‘1 ‘and as a means for possibly achicving high-density
frequency-domain optical storagez. Persistent spectral holes are formed in inhomogeneously
broadened absorption lines when a photoinduced change occurs in the subsct of absorbers
that are in resonance with a narrowband laser beam. If the photorcacted centers do not
absorb at the original wavelength, a dip in absorption or spectral “hole” is formed that may

be detected by subsequent measurement of the absorption line.

v )

While a number of recent investigations have focused upon the process of hole formation
at liquid nitrogen temperatures 3’4, others have considered photon-gated mechanisms in light
of the limitati>ns of single-photon, monophotonic reactions with no threshold’. In
photon-gated hLole-burning, two photons (ideally of different wavelengths) are required to
induce the photochemical reaction leading to hole formation. In effect, the first photon
produces the site-selection and the second photon acts as a “gate” on the photochemistry.
Both inorganic ® and organic ! examples of photon-gating have been found, and the number

. . 8.9
of such systems continues to increase

Recently, the characteristics of and mechanism for a particularlv high-efliciency
photon-gated material undergoing donor-acceptor clectron transfer were reported at the fixed
temperature of 1.5 K " The material is composed of
meso-tetra-p-tolvl-Zn-tetrabenzoporphyrin (177T) or its Mg analog combined with various
halomethane acceptors in PMMA (polvimethvlimethacrviate)). The efliciency of this
photorcaction was shown to be sufficientlv high that detectable holes could be formed in 30
ns with focused hght from a 10 mW continuous-wave red laser, followed by a longer gating

: H
pulse in the green .




-

This paper reports the temperature dependence of the photon-gating propertics of one
material in this donor-acceptor class, TZT/CHCL/PMMA, from 1.5 to 90 K. Surprisingly,
the ratio of the two-color efficiency to the one-color efficiency increases with temperature,
and this eflect is shown to be duc to a dramatic decrease in one-color hole formation, which
is a photophysical process. Since the hole width contrcls the peak absorption cross section
(a crucial quantity reflecting the ability of the light to excite each molecule), the temperatuie

dependence of the hole width is also presented.

I1. Experimental Details

Samples of TZT/PMMA/CHCI, were prepared in a manner similar to that utilized
previously ' Solutions of (0.5 g PMMA)/(5 ml CHICl;) were prepared by dissolving high
purity monodisperse PMMA in CHCl;. The polvmer material with M, = 107,000 and
M./M, = 1.1 was obtained from Polymer Laboratories. A small quantity of the TZT dopant
(synthesized by V. Y. Lee of our laboratory) was added to the PMMA/CHCI; solution under
yellow and red lights, and all subsequent sample handling was performed under yellow and
red lights. Samples were made by placing a few drops of the TZ1/CHCI,/PMMA solution
on glass cover slips and allowing the chloroform to evaporate in air at room temperature for
several minutes before insertion into a cold optical immersion cryostat to freeze in the
remaining solvent. Every attempt was made to make the samples similar to one another;
however, the exact concentration of the acceptor chloroform could not be casilv controlled.
The samples were  ated over a 4 mm aperture on a sample wand and a calibrated
resistance thermometer was pressed into the soft PMMA immediatelv adjacent to the

aperture.  Sample thickness varied from 80 to 200 um.

The temperature dependence of the hole-burning cfficiencies and the hole widths was
examined from 1.5 K to 90 K. For temperatures between 1.5 and 2.1 K, the sample was

immersed in superfluid Tle and the temperature was controfled by throtthing the He gas
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pumping rate. Above 4.2 K, the sample temperature was controlled by warming the ¢ gas
before it entered the sample chamber. During hole-burning, the largest rise in sample

temperature occurred near 5 K and was no more than 0.15 K.

The optical arrangement for burning persistent spectral holes is also similar to that
previously utilized'®. In order to burn one-color persistent spectral holes, an
Ar*-laser-pumped single-frequency Rhodamine B dye laser (linewidth 3 MHz) was used to
excite the TZT transition at wavelengths between 624.7 and 630.0 nm, with wavelengths
determined by a Burleigh wavemeter. The peak of the TZT/CHCL/PMMA (0-0) S, « S,
transition is near 624.7 nm. Sample optical densities at the laser burn frequency were
between 1.0 and 0.15. The dye laser intensity during writing was varied between 10-¢ and
4% 10-2 W/em? with fixed neutral density and variable attenuators. Gated (two-color)
persistent spectral holes were burned in the TZT §, « S, origin band by simultaneously
exposing the samplc to the dye laser and 514.5 nm Ar* jon laser light. The optical density
of the samples at the gating wavelength was less than 0.04 (c.g. sece Ref. 10, Fig. 3). This
small amount of absorption (in the singlet states) at the gating wavelength leads to a small
amount of broadband bleaching of the S; « S, inhomogeneous line. The Ar* ion laser gating
intensity was held fixed at 0.5 W/cin? throughout. Repeatable sample cxposures to the laser

beams were obtained with electronically controlled shutters.

lHoles burned with the laser were detected in transmission using two methods. Below 6
K, the hole widths were narrower than the 20 Gilz single-frequency tuning range of the dve
laser and were measured by repetitively tuning the laser frequency and detecting the
transmitted laser intensity using a precision ratiometer . Above 6 K. another method was
emploved to measure the consequently broader holes. A third probe beam from a grating
spectrometer was overlapped with the hole-burned sample volume. The spectrometer
consisted of a 75 W tungsten lamp which was low-pass filtered, polarized, and dispersed in

a 30 m monochromator. The dispersed probe Tight was then directed throuph the sample
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and detected with an RCA C31034A-02 GaAs photomultiplier tube. The phototube current
was measured with an electrometer with a | second time constant. The spectrometer
resolution was determined to be 15 GHz by scanning the monochromator through the dve
laser line. The spectrometer light intensity incident on the sample never cxceeded 10-6 W/

cm?,

III. Experiraental Results

Figure 1 shows examples of one- and two-color hole-burning near the peak of the
singlet-singlet origin for TZT/CHCI,/PMMA at 1.55 K. The two-color hole in Fig. i(a, was
burned by simultaneous exposure for 2 seconds to a weak write bcam near 625.223 nm and
a stronger gating beam at 514.5 nm. Without the gating beam, a one-color hole of the same
depth as the 2.0 s two-color hole at 1.55 K requires a 200 seccond burn time, as in Fig. [{c)
(hole on the left). The one- and two-color holes »oth slightlv broaden on a one hour time

scale (Fig. 1(a)-(f)), but the hole areas decay differently.

The different behavior of the one- and two-color hole arcas in [Yig. 1 is plotted in Figure
2 on a log(time) axis. The two-color hole arca (I'ig. 2(a)) remains cssentially constant, but
the one-color hole area decreases logarithmically for this range of decay times (50 to
5x 10% s). The constant arca of tne twao-color hole is consistent with a photochemical
hole-burning mechanism with no back-reaction and the decaving onc-color hole is consistent

with a photophvsical hole-burning mechanism' (sce Scc. 1V).

When the temperature 1s raised above 1.55 K, the ability to burn onc-calor holes
decreases relative to the ability to burn two-color holes. Figure 3 shows one- and two-color
holes burned at 20 K into the TZT/CHCL/PMMA origin band.  The two-color hole in g,

3(ay was burned in 2.0 s, but the one-color hole in Fig. Yb) requived 4380 < to achieve «

fraction of the two-color hole depth. The two-color hole arein 18 constant i time hefore and
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after the one-color burn, but decreases during the one-color burn. Notice that the amount

by which the two-color hole area decreases is larger than would be expected if the one-color

hole area were spread over the inhomogeneous line. This ic an example of laser-induced
hole-filling (LIHF), a phenomenon recognized by Small ct. al. for photophysical holes .

The LIHT observed here for a photochemical hole currently lacks a satisfactory explanation.

In order to compare the ability of the TZT/CHCIl,/PMMA material to form one- and
two-color holes at different temperatures, it is more appropriate to compare the quantum
efficiencies for hole-burning than the hole depths or burn times. When all defects have the

same quantum efficiency, the quantum ecfficiency for hole-burning may be written

L dr ),
T dt )J'=°

T (al/hv)(1 = T, — R) M

n

where tiv iniual fractional rate of change of trancmission (1/T)dT/dt can be obtained from

a growth curve for the hole, I is the intensity, hv is the photon energy, T, is the initial

(o]
transmission, and R is the reflection loss. This efTicicncy is the inverse of the mean number
of write beam photons absorbed per hole-burned 17T molecule. Since for an amorphous
host there is probably a distribution of efliciencies, » should be viewed as an apparent or
effective efficiency for comparison purposcs. The zero-phonon line peak cross section a is
proportional to the inverse of the hole width in the low power, low burn-fluence limit.  As
a mecasure of the temperature dependence of the quantum efficiency for hole burning, we

definc an unnormalized cfficiency »* , which is proportional to the actual quantum efliciency

n (at least for onc-color holes) as

~ | I
. AV”(T (dt >|"‘”’

) - 1)

Pt R i
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where P, is the (4,) write beam power (for fixed spot size) and Avy, is the persistent spectral
hole width (full-width at half-maximum). Since the gating beam intcnsity is held constant
at the near-optimal value of 0.5 W/cm? throughout these experiments, we use the
expression for both one- and two-color hole-burning. In the casc of two-colocr hole-burning,
it is clear that »" represents an overall measure of the efficiency of hole production, rather

than any particular microscopic quantum efficiency.

Figure 4 shows the growth of one- and two-cclor hele depths and widths at 2.03 and
16.2 K with burning time. In Figs. 4(a) and 4(b), the initial slopes of the one- and two-color
hole growth curves at 2.03 K differ by a factor of 100 (compare the time axes). Since the
2.93 K hole widths and write beam intensities in Figs. 4(a) and 4(b) arc nearly the same, the
one- and two-color 7~ values at 2.03 K also differ by a factor of approximately 100, as shown

earlier in [Fig. 6 of Rel. 10.

The effect of raising the temperature on the two-color growth rate and hole width is seen
in Figs. 4(b) and 4(c) -- raising the temperature from 2 to 16 K deccreases the twe-color hole
growth rate by a factor of 15 and increascs the hole width by a factor of 50. Since the write
becam intensity used to burn the hole in Fig. 4(c) is twice that in Fig. 4(b), the ratio of the
two-color n° values at 16 and 2 K 1s 50/(15x2) = 1.7. Factor of two crror bars arc common
in measurements of hole-burning quantum cmcicncicsm, so onc mav conclude that (he
two-color ° has not changed significantly with temperature. Note that the two-color hoic
depth grows more slowly at higher temperatures mostly because the number ot 17T
molecuies with absorption frequencics within one homegencous width of the write beam
frequency has increased and morce defects need to be burned to achicve the same hole depth

In a given time.

In contrast te the modest factor of 15 decrease in twao-color hole growth rate from 2 o
16 K, the onc-color hole growth rate decreases much more strongly fcompare Figs. d{a) and

Ay with by and d(e). Tt s much more diflicult to burn onc-cojor holes at ingher
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temperatures, so the 16 K one-color hole growth curve shown in Fig. 4(d) required 200 times
the intensity as that used in FFig. 4(a); even with this increased intensity the growth rate is
still 200 times smaller. initial slope. Ilence, in raising the temperature from 2 to 16 K, the
one-color n” value has decrecased by 50/(200x200, = 1/800. In other words, while the
two-color hole-burning efficiency remains constant, the one-color hole burning efTiciency

appears to dramatically decrease with temperature.

With such large differences between one- and two-color efliciencics, raising the write beam
intensity to burn one-color holes is necessary in order to form one-color holes in a reasonable
amount of time. Another reason we found it desirable to raisc the writc beam intensity has
to do with the the small amount of bleaching by the gatc alone. Note the small offset in
the transmission baseline from a value of 1.0 in Fig. 1(a). This broadband bleaching occurs
duc to the small amount (less than 10 %) of absorption bv the vibronic tails of the
S, « S, transition at the 514 nm gating becam wavelength. The amount of broadband
bleaching by the gating light is temperature independent and onlv depends on the gating light
exposure time. Since at constant write intensity the two-color burn times become longer
with temperature, the amount of overall line blcaching per two-color burn becomes greater.
Raising the write beam intensity as the temperature is raised then allows for short, constant
two-color burn times on the order of 2.0 seconds and a tolerably small amount of blcaching

by the gating light.

One possible adverse effect of increasing the write heam intensity can be scen by
comparing the hoic widths in Figs. d(¢) and 4(d). Namelv, increasing the write beam intensity
can power broaden the hole, which masks the low-power hole width. Since we wish to raise

the write beam intensity with temperature without powe, broadening the hole widths, the

clfect of power broadenmng was examined with temperature.

Figure S shows how two-color hole widths power broaden at several temperatures. To

acquire thic data, ot g fixed temperature o owrite beam burn (Tuence was selected which vields
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shallow holes ((Aa)/a 0.05 to 0.1 ). The hole width was then mcasured as a function of
the burn intensity at constant burn fluence (this avoids the additional broadening that
accompanics photochemical hole depth saturation " high burn fluence). At low intensitics,
the hole width changes little. As the intensity 1s raised further, the hole width is observed
to broaden. The onsct of power broadening occurs at higher intensities as the temperature

1s raised (Fig. 5(a)-(d)). The expression for the hole width as a function of intensity due to

power broadening 1s

~0
Avy,

Avy=—5— (1+ JT+ 1), (3)

where 1, 1s the (three-level) saturation intensity which is proportional to a product of the
dephasing rate, excited state decay rate, and the ratio of the Icaving and cntening rates for
the intermediate state””. The low-power limiting hole width Av{y is onlv proportional to the
dephasing rate. The power broadening expression (lign. 3) was fit to the data to find the
saturation intensities at various temperaturcs (sce the IFig. S caption). The saturation
intensity increases with the hole width, but not simply in proportion to the hole width.
Normally the excited state lifetime, tripict yield, and triplet lifetime are only weakly dependent
on temperaiure; which of these parameters is chianging in our case cannot be determined from
our data. Nevertheless, knowledge of the rate of hole broademng with intensity allows careful

choice of laser intensities for hole width measurements.

Having thus established the upper burn fluence and itensity imits below which there is
negligible hole broadening, the low power, <hort burn-time hole width were measured as a
function of temperature. Figure 6 shows the vanadon of the 77T CHOUPMNA S« S
sero-phonon hole width over two decades in temperature. Relative 1o the inhomogencous
linc width of 300 ¢m ', the hole widths span a range of 0.04> cm - 1o 100 ¢ ©over 1.5 1o

90 K. The data can be fit with o power [sw expression of the form

Avy A oy (1




.

where the low temperaturc limiting hole width 15 0.035+£0.006 ¢cm !, the cocflicient fi 1s

0.006+0.001 cm /K27 and the power law exponent is n = 2,17 + 0.07.

Th. *1al experimental result to be presented in this paper is of importance to possible
fequency-domain optical storage applications. I'or the purposcs of this paper, we define the
ratio of two- and onc-color n* values to be the gating ratio. The gating ratio should be made
as high as possible in order to maximize the nondestructive reading of a persistent hole.
The temperature dependence of the two- and one-color ° values 1s presented in Fig. 7. The
two-color #” (Fig. 7(a)) is essentially independent of temperature from 1.5 to 90 K. In
contrast, the one-color n° decreases substantially as the temperature is raised from 1.5 K to
90 K. (The straight linc fits in Fig. 7 are guides to the eve.) Bv inspection of Mg, 7. one

sces that the gating ratio is improved from ~102 to 10* as the temperature 1s raised from

1.5 K to 90 K. The large scatter in the data is due mostly to sample to sample vanations
: .16 : . : .
n the acceptor concentration . Another possible source of error in the one-color data that
was not examined is the possibility that at higher temperatures (where higher one-color
intensitics were used), a fraciion of the one-color hole may actually be a sclf-gated
photochemical hole. This would mean that the actual one-color photophysical cfficiency

would decrease even faster than that shown n g, 7(b).

IV. Discussion

I'wo results are discussed i this seciion: (A the one-color photophyvacal hole-burming
cfficiency decrease with temperature in Fies 70 and By the approximiately T+ dependence for
the hole width over o temperatare range of 1S K to 90 K om Ly o The temperature
dependence of the one-coler hole burnmg cflicenay as discussed i terms of current models
for photophvacad hole barmme i elacees The 17 hofe wadth temperatare dependence s

compared oth o resalte yaovonsdy Tound e oo and oaeanie vlaeses
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A. The apparent hole-burning efficiency temperature dependence

The mechanism for photophysical hole-burning in amorphous solids has been explamned
in terms of changes in the structurc of the host mater.al during an optical cycle of the defect
or guest molecule 7 The structural changes arc thought to occur through tunneling
transitions of as-yet-unidentified tunneling systems known as two-level systems (TES). The
TLS have a wide distribution of tunneling rates, which give risc to relaxation behavior that
is logarithmic on time scales intermediate between the maximum and minimum rclaxation
times in the glass . (see I'ig. 2(b)). The hole-burning mechanism has been described as cither
(a) a phonon-assisted tunncling (PAT) transition occurring after a guest molecule has been
excitcd into an electronic excited state by the lascrm, or (b} as a simultancous eiectronic-TLS
transition”. In case (a), the efliciency for hole-burning is given by the rate of PAT in the
clectronic excited state relative to the rate of decav out of the cxcited state. In the latter
case (b), the hole-burning eificiency depends on the strength of the coupling of the guest
molecule to the TLS. For either of the proposed mechanisms, there is probably a wide
distribution of hole-burning efficiencies because of the wide distribution of tunneling rates
or coupling strengths. Centers with high efficiency are burned first, so the initial growth of
a photophysical hole and our definition of the measured »* involves high efliciency centers.
After a center is burned the center must have reasonably large barniers to relaxation of the
TLS in the ground state in order to contribute to the persistent hole. Tlence, centers that
contribute to the initial growth of a (persistent) hole are the small fraction ot centers that
have both high burning efficiency and long ground state relaxation times compared to the

burning and detection time scale.

-

In Fig. 7, the photophysical one-color »™ 1< observed to decreace with temperature, which
means that the number of high efliciency defects contrhutimg 1o the hoie within the Hurn
time or remaiming burnced untl the hole is detected decreases For mechamem can PP\

icreases with temperature as the phonen occupation numbers moreses ond e g
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center’s efficiency for hole-burning should also increase. I'or mechanism (b), the coupling
strength and associated crossing transitions are not expected to be temperature dependent,
and the efficiency for photophysical hole-burning should be temperature independent. The
decrease in #° must then be due to an increasc in the ground state relaxation rates cither
by PAT or thermally activated jumping over ground state barricrs. In other words, the

measured efficiency for production of persistent holes decreases with temperature apparently

because the fraction of high eiliciency defects that do not undergo ground state relaxation
within the hole-burning time and before hole deiection decreases. It is hoped that by
presentation of these results, more detailed ‘heoretical explanations of this phenomenon will

be generated.

B. Two-color hole width temperature dependence

The two-color, low-power hole width temperature dependence for TZT in the organic
polymer PMMA with excess CIHCLy is fit nicely with a T? power law from 1.5 K to 90 K.
Recent reviews of homogeneous linewidth broadening with temperature in glasses have
pointed out that the temperature range studied for inorganic glasses (0.05 to 800 K) spans
a much broader range than for organic glasses (0.05 to 25 K) (sec Table 1 of Ref. 19 and
Table 2 of Ref. 20). For homcgeneous linewidth studies in inorganic glasses above 10 K,
the temperature exponent is typically 2. A T? dependence for the dephasing rate is attributed
to a two-phonon Raman scattering process. In crvstals, the two-phonon scattering process
gives rise to a 1?2 dephasing rate above the Debve tempe:ature. which is on the order of 106
K. The 'I* dependence in glasses down to 10 K has been ascribed 10 an effective Jowering

: . e : S
of the Debyve temperature by the large density of T1S states at fow (requencies” .

In studics of homogencous finewidths in organic glasces where data v obtiined only

below 10K or 20 K. the temperature exponent is found 1o e benween Toand 2 many cases
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o . 22 - . .
with a large number of values =~ near 1.3. The lower exponents are essociated with

dephasing by thc large density of low frequency TLS states.

We have extended the range of temperature over which the homogeneous holewidth has
been studied with a single technique for an organic glass from below 10 K to well above 10
K, and find that a T? dependence fits the data in both regions (sce I‘ig. 6). The T? behavior
in the region above 10 K is similar to that found for inorganic glasses. However, for many
organic glasses below 10 K, exponents below 2 are found, and the theoretical models can

23 .
generate a range of temperature exponents . What is uscful about the present measurcment
is the Jarge temperature range over which the low-power limiting hole width can be measured

for an organic glass.

A note about the scatter in our measured hole widths below 10 K is in order. In our
samples, the local environment around the TZT molecules by necessity consists of PMMA
host chains and a large number of chloroform acceptor molecules. The cffect of residual
solvent on homogeneous line width temperature dependence in the low temperature region
(T < § K) for organic glasses has been examined’ . Residual solvent can raisc the low
temperature limiting linewidth without changing the T < 5 K exponent. Since special
precautions were not taken to absolutely control the amount of CHCI,; solvent in the TZT/
CHCL/PMMA samples, varying amounts of solvent from sample to sample may be

responsible for the larger scatter in the low temperature data of Tig. 6.

The low temperature limiting hole width of 0.035 ¢m ' 1< much farger than the 0.0005
cm ' width expected from the fluorescence decav time done’ . One possible explanation for
this result could be spectral difTusion cffects: recent careful comparisons between widths
measurcd by hole-burmng and widths measured by photon echoces have allustrated the
imporiance of such effects in amorphons hosts " Tor this reacon, we held the detection fime

fixed cat <everal minutes) for our measurements whenever possibles Cleariv, the present

svatem o with ats controllable two-color hole-burnimge mechaman and photophvacal onc-color




mechanism would be an intriguing material to study by a combination of hole-burning and

photon-echo measurcments.

The constant hole-burning efficiency for the photon-gated photochemical hole-burning
process in Fig. 7(a) provides for holes that may be burned in 2.0 second burn times (and
presumably much shorter time scalesm) over a wide range of temperatures. The decreasing
photophysical or onc-color hole-burning efficiency with temperaturc means that the gating
ratio and nondestructive reading of the two-color holes is improved by raising the
temperature into the liquid nitrogen temperature range (77 K). The irreversibility of the
photon-gated photochemical hole-burning process in TZT/CHCL/PMMA and the small
amount of bleaching by the gating beam at 514.5 nm required that new samples be made
after scveral holes were burned in one sample, which resulted in large sample-to-sample
scatter in some of the data. Onc way to improve this situation would be to find a
photon-gated hole-burning system in a glass with the possibility of reversibly erasing the
holes with a third color. A reversible photon-gated hole-burning system would allow for
temperature dependent gated hole-burning studies over a wide temperature range in a single
glass sample without the associated sample-to-sample variations. Another way to improve
sample-to-sample repeatability would be to utilize chlorinated host polvmers, thus fixing the
acceptor concentration. In recent mecasurcments, photon-gated hole-burning for TZT in

poly(vinyl chloride) has been obscrved’.
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Figure Captions

Figure 1. One- and two-color persistent spectral holes burnt at .55 K into the §, « S,
electronic absorption of TZT in CHCL,/PMMA. Ratios of final to initial laser transmission
spectra centered at 625.223 nm are shown at various times after (a) a two-color and (c) an
additional one-color persistent spectral hole are burnt. (The spectrum labeled (a) is on scale
and subsequent spectra are offset by multiples of -0.1). The two-color hole in (a) is burned
in 2 seconds and the one color hole in (c) requires a much longer burn iime of 200 seconds
(the write intensity for both holes is 3.7 uW/ecm? and the second 514.5 nm gating intensity
i1s 0.5 W/cm?). The spectra are obtained at times (t,,t;) after the (one-color, two-color) holes
are burnt of (a) (-,10 s); (b) (-, 395 s); (c) (60 s, 730 s); (d) (300 s, 970 s); (c) (845 s, 1515
s); and (f) (3480 s, 4150 s). Note that the photochemical two-color hole does not decay

appreciably whereas the photophysical one-color hole decavs by half.

Figure 2. One- and two- color persistent spectral hole arca decay at 1.55 K. The integrated
areas of the (a) two-color and (b) one-color persistent spectral holes in Fig. 1 are plotted
against log(time) as measured from the end of cach burn. On the time scale shown the
one-color hole depth decays lincarly vs log(t). The two-color hole arca is approximately

constant in time.

Figure 3. Onc- and two-color persistent spectral holes burnt at 20 K. Reference and
hole-burned monochromator transmission traces are shown in the upper portion and the
corresponding fractional changes in absorption coceflicient are shown i the lower portion
of the figure. The noisc in the fractional change in o Increases @< o goes to sero at longer
wavcelength. (a) a two-color hole 1s burned in 2 second< at 632.029 nm. (b) the one-color

hole burned at 624.997 nm requires a much longer burn time of G380 < to achieve only o
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fraction of the two-color hole depth burned in 2 s. (The write intensity for both holes is 7

mW/cm? and the gating intensity at 514.5 nm is 0.5 W/cm?).

Figure 4. Onc- and two-color hole depth and width growth curves at 2.03 K and 16.2 K.
The hole depth and corresponding width curves are labeled by the same letter. (a) and (b)
correspond to 2.03 K, and the broader, more slowly grown holes in (¢) and (d) correspond
to 16.2 K. (a) a write beam intensity of 14 uW/cm? burns a one-color hoie at 2.03 K on a
1000 second time scale. (b) including a gating intensity of 0.5 W/cm? at 514.5 nm produces
a two-color hole in [/100 the time needed in (a). (c) a two-color hole burncd at a higher
temperature of 16.2 K is broader and grows more slowly than at 2.03 K (in (c¢) the write

intcnsity is doubled to 28 uW/cm?). (d) a one-color hole burned at 16.2 K burns so slowly

that a 100 times higher write intensity of 2.9 mW/cm? is neceded to produce this growth curve.
Comparing the hole widths in (c) and (d) also shows that ucine a higher write beam intensity

broadens the hole.

Figure 5. Two-color hole width power broadening at scveral temperatures. At a given
temperature, a burn fluence is selected at low power so that the hole depth is fixed between
0.05 and 0.10. The write beam intensity and burn time arc reciprocally varied to hold the
write beam burn fluence fixed, and the hole width is mecasured (with gating intensity at S14.5
nm held fixed at 0.5 W/ecm?). The data are fit with a function described in the text to find

the saturation intensity at cach temperature of (a) 17 W em® at 6.4 K (write fluence — 0.23

ml'cm?), (b) 1.5 W/ an? at 8.4 K (write ffrence = L7 m) emfy (o) 28 myWoem? ot 236
K (write fluence = 4.3 mb/cm?), and (Jd) 3.3 mW. cm? at 42,1 K (write fluence — 8.6 ml!
cm?).

Figure 6. Two-color hole-width variation with temperatare. The width of <hallow two-color

holes burned to a depth between 0.01 and 0,10 at inten<ities below the saturation mtensity
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arc plotted over two decades in temperature. The data are fit by a constant plus power law
function giving a low tempcraturc limiting hole width of 0.035 + 0.006 cm~!, a power of 2.17

+ 0.07, and coeflicient ¢f 0.006 £ 0.001 ¢m ' /K2

Figure 7. Variation of two- and one-color hole-burning cfliciency with temperaturc. A
quantity %", which is defined in the text and is directly proportional to the quantum efficiency
for hole burning, is plotted with temperaturc for one- and two-color persistent holes. (a) the
two-color hole-burning efficiency is roughly constant over two decades in temperaturc. By
contrast, thc one-color hole-burning efficiency in (b) is two orders of magnitude lower than
the gated hole-burning efficiency at low temperatures and decreases to four orders of

magnitude below the gated hole-burning efficiency at 100 K.
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